The CD8 ؉ T cell response to the immunodominant D b NP366 epitope has been analyzed sequentially to determine the prevalence and persistence of different T cell antigen receptor (TCR)V␤8.3 clonotypes after primary and secondary influenza virus challenge. Based on the length and amino acid sequences of the complementaritydetermining region 3 of TCR␤ (CDR3␤) loop and associated J␤ usage, the same dominant TCR␤ signatures were found in the blood, the spleen, and the site of virus-induced pathology in the infected respiratory tract. Longitudinal analysis demonstrated that TCR␤ prominent in the antigen-driven phase of response persisted into memory and were again expanded after secondary challenge. A proportion of these high-frequency TCR␤ expressed ''public'' CDR3␤ sequences that were detected in every mouse sampled, whereas others were found more than once but were not invariably present. Analysis of N-region nucleotide diversity established that as many as 10 different nucleic acid sequences (maximum of four ''nucleotypes'' in any one mouse) could encode a single public TCR␤ amino acid sequence. Conversely, whereas some of the unique, ''private'' TCR␤ achieved a substantial clone size, they were always specified by a single nucleotype. Although there is a strong stochastic element in this response, the public TCR␤ seem to represent a ''best fit'' for this immunodominant epitope, are selected preferentially from the naive TCR repertoire, and assume even greater prominence after secondary challenge. T cell responses are sometimes biased toward usage of a particular TCRV␣ (3-5), but are more commonly determined by the TCRV␤ profile (5-15). Most of the specificity of the TCR␤ interaction is associated with the third complementarity-determining region (CDR3␤) loop, which is generally positioned over the center of the antigenic peptide bound inside the groove of the MHC class I molecule (16, 17) . Defining patterns of TCR CDR3␤ usage, either by determining amino acid sequences or by the spectratyping approach that measures CDR3␤ length and J␤ usage (18-20), provides a mechanism for following defined T cell populations through the course of an immune response into long-term memory (15, 21, 22) .
The CD8 ؉ T cell response to the immunodominant D b NP366 epitope has been analyzed sequentially to determine the prevalence and persistence of different T cell antigen receptor (TCR)V␤8.3 clonotypes after primary and secondary influenza virus challenge. Based on the length and amino acid sequences of the complementaritydetermining region 3 of TCR␤ (CDR3␤) loop and associated J␤ usage, the same dominant TCR␤ signatures were found in the blood, the spleen, and the site of virus-induced pathology in the infected respiratory tract. Longitudinal analysis demonstrated that TCR␤ prominent in the antigen-driven phase of response persisted into memory and were again expanded after secondary challenge. A proportion of these high-frequency TCR␤ expressed ''public'' CDR3␤ sequences that were detected in every mouse sampled, whereas others were found more than once but were not invariably present. Analysis of N-region nucleotide diversity established that as many as 10 different nucleic acid sequences (maximum of four ''nucleotypes'' in any one mouse) could encode a single public TCR␤ amino acid sequence. Conversely, whereas some of the unique, ''private'' TCR␤ achieved a substantial clone size, they were always specified by a single nucleotype. Although there is a strong stochastic element in this response, the public TCR␤ seem to represent a ''best fit'' for this immunodominant epitope, are selected preferentially from the naive TCR repertoire, and assume even greater prominence after secondary challenge.
CD8 ϩ T cells ͉ T cell receptor repertoire ͉ influenza A virus E pitope-determined T cell-receptor (TCR) repertoires are selected from a pool of naïve precursors estimated to range in size from Ϸ10 7 and Ϸ10 8 distinct TCR␣␤ elements (1, 2) . Antigen specific CD8 ϩ T cell responses are sometimes biased toward usage of a particular TCRV␣ (3) (4) (5) , but are more commonly determined by the TCRV␤ profile (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Most of the specificity of the TCR␤ interaction is associated with the third complementarity-determining region (CDR3␤) loop, which is generally positioned over the center of the antigenic peptide bound inside the groove of the MHC class I molecule (16, 17) . Defining patterns of TCR CDR3␤ usage, either by determining amino acid sequences or by the spectratyping approach that measures CDR3␤ length and J␤ usage (18) (19) (20) , provides a mechanism for following defined T cell populations through the course of an immune response into long-term memory (15, 21, 22) .
Longitudinal single-cell analysis of CDR3␤ profiles in the CD8 PA 224 ) provided evidence of substantial diversity in the absence of a single ''public'' TCR␤ signature that could be detected in every mouse (15 ϩ T cell populations that expand equally and give rise to comparably sized memory T cell populations after primary inf luenza infection but differ greatly in numbers
PA 224 ϩ ) subsequent to secondary virus challenge (23) (24) (25) .
Materials and Methods
Mice and Viral Infection. Female C57BL͞6J (B6, H2 b ) mice were bred at the University of Melbourne. Some were anaesthetized at 6 weeks of age by isofluorane inhalation and infected intranasally (i.n.) with 10 4 plaque forming units (pfu) of the HKx31 (H3N2) influenza A virus (26) in 30 l of PBS. Memory mice for secondary challenge experiments were injected i.p. at least 6 weeks previously with 1.5 ϫ 10 7 pfu of the PR8 (H1N1) influenza A virus (27, 28) . Both virus stocks were grown in the allantoic cavity of 10-d embryonated hen's eggs and stored in aliquots at Ϫ80°C. Virus titers were determined as pfu on monolayers of Madin-Darby canine kidney cells.
Tissue Sampling and Cell Preparation. Mice were anaesthetized i.p with 3 mg of ketamine and 0.6 mg of Xylazil (Parnell Laboratories, Alexandria, Australia) and exsanguinated from the axillary artery; total body perfusion was performed with PBS͞ heparin. Lymphocytes recovered by bronchoalveolar lavage (BAL) of the infected lung were incubated on plastic Petri dishes for 1 h at 37°C to remove macrophages (27) . Spleens were disrupted and enriched for CD8 ϩ T cells by using goat antimouse IgG and IgM antibodies (Jackson ImmunoResearch). The longitudinal analysis of TCR repertoire used mice bled by means of the retroorbital sinus. The blood (50-100 l) was collected into 50 l of 10 units͞ml heparin in PBS, followed by lysis of the RBCs with 10 ml of ammonium Tris chloride buffer at 37°C for 5 min (25) . NP 366 -specific CD8 ϩ T cells were identified by using tetrameric complexes (28) of the influenza virus H-2D b MHC class I glycoprotein and the NP 366 -374 (ASNENMETM) peptide (29) conjugated to streptavidin-phycoerythrin (Molecular Probes). Lymphocytes were stained with the D b NP 366 -phycoerythrin tetramer for 60 min at room temperature, followed by two washes in sort buffer (0.1% BSA in PBS), then anti-CD8␣-allophycocyanin (for sorting) or anti-CD8␣-PerCP Cy5.5 (for phenotyping) and anti-V␤8.3-FITC (Pharmingen) for 30 min on ice, followed by two further washes. The stained lymphocytes were resuspended in sort buffer (2 ϫ 10 7 cells per ml) and transferred to polypropylene tubes (BD Biosciences). Spleen or peripheral blood T cells from naïve, uninfected mice were stained with anti-CD8␣-phycoerythrin and anti-V␤8.3-FITC. (15) (Promega), 100 g͞ml gelatin (Roche), 100 g͞ml tRNA (Roche), 20 units of RNAsin (Invitrogen), and 0.1% Triton X-100 (Sigma). After sorting, plates were incubated at 37°C for 90 min for cDNA synthesis, followed by 5 min at 95°C to stop reverse transcriptase activity, and stored at Ϫ80°C. The V␤8.3 ϩ transcripts were amplified by nested PCR by using 2 l of cDNA for a 25-l amplification reaction. The first-round PCR was performed with 1.5 units of Taq polymerase (Invitrogen)͞1.5 mM MgCl 2 ͞0.2 mM dNTP (Invitrogen)͞10 pmol each of the external sense primer V␤8.3-5Ј (5Ј-AGCCCTAGAAACAAG-GTGAC-3Ј) and the external antisense primer C␤a (5Ј-CCAGAAGGTAGCAGAGACCC-3Ј). A 2-l aliquot of the first-round PCR was used as a template for the nested PCR with the internal sense V␤8.3 primer (5Ј-ACCAGAACAACGCAA-GAAGAC-3Ј) and the antisense primer C␤b (5Ј-CTTGGGT-GGAGTCACATTTCTC-3Ј). The PCR conditions were 95°C for 5 min followed by 33 cycles of 95°C for 30 sec, 57°C for 30 sec, and 72°C for 1 min followed by 1 cycle of 95°C for 1 min, 57°C for 1 min, and 72°C for 7 min. The PCR products were resolved on a 2% agarose gel, purified with the MiniElute PCR purification kit (Qiagen), and sequenced with 20 pmol of the V␤8.3 sense primer by using Big Dye 3.1 (Applied Biosystems). Sequencing products were purified by using Dye Ex 2.1 columns (Qiagen) and sequenced on an Applied Biosystems Prism 3700 sequence analyzer. The V␤7 ϩ transcripts were amplified and sequenced as described in ref. 15 .
Results
The basic aim of these experiments is to define the nature of an antigen-specific CD8 ϩ T cell repertoire, both within and between individuals responding to a primary or secondary virus challenge and in persistent immune memory (28, 30) . The B6 mice were either immunologically naïve (primary response) or had been infected i.p. with the PR8 (H1N1) virus at least 8 weeks before i.n. challenge with the HKx31 (H3N2) influenza A virus (secondary response). The PR8 and HKx31 viruses share the same internal components, including the viral nucleoprotein and viral acid polymerase, but the surface influenza virus hemagglutinin and viral neuraminidase glycoproteins are different, and there is no confounding effect of crossneutralization in these prime͞boost studies (28, 30) . ϩ sets ( Fig. 1 ) is in accord with previous findings (9) .
Earlier studies showed that the D b NP 366 -specific response dominates influenza virus-specific CD8 ϩ T cell numbers after secondary (but not primary) exposure of B6 mice to the HKx31 virus (23, 25) . The expansion of the V␤8.3 ϩ subset within the CD8 ϩ D b NP 366 ϩ population parallels the expected profile after secondary challenge ( Fig. 1 B and D) .
ϩ response in the BAL (Fig. 1B) peaked earlier at a level that was more than 100-fold higher than that found after primary infection (Fig. 1 A) . The differential between the primary and secondary CD8 ϩ V␤8.3 ϩ D b NP 366 ϩ response for maximum counts in the spleen was Ϸ30ϫ. The CD8
ϩ T cell numbers in the spleen then progressively declined to day 40 to give greatly diminished memory T cell population ( Fig. 1 C and D) .
Thus, the overall pattern is of a very dynamic response with dramatic changes in virus-specific CD8 ϩ T cell numbers from the effector phase to the memory phase (Fig. 1) . Furthermore, both the magnitude and kinetics of T cell invasion into the virus-infected lung are greatly enhanced after secondary challenge (Fig. 1B) . These dramatic changes reflect successive cycles of massive clonal expansion and editing (25) . How stable is the profile of TCR repertoire usage throughout the course of this highly dynamic process?
ϩ T cells recovered from the BAL and spleen of naïve B6 mice infected i.n. with the HKx31 virus were sorted to give one cell per well and the CDR3␤ mRNA was expanded by RT-PCR with Ϸ80% efficiency to give the product used for sequencing. The V␤8.3 CDR3␤ lengths were designated (31) from the analysis of amino acid sequences, whereas J␤-element usage was determined after comparison with known genomic sequences (32, 33) . The TCR␤ identity was thus based on J␤ usage and the length and amino acid sequence of the CDR3␤ loop (15) .
Two dominant TCR␤ were present in the BAL and spleen of all three mice (Table 1 , M1 to M3, first two lines) that were sampled on day 8 of the primary CD8 ϩ D b NP 366 -specific response. Furthermore, although they were less prominent, these same CDR3␤ signatures were found at significant prevalence in memory spleen populations recovered from different individuals infected more than 200 days previously ( ϩ T cell response. Furthermore, the same pattern of J␤2.2 usage and 9-aa CDR3␤ length was found for 13 other TCR␤ recovered from these five mice, with 5 of 13 being detected in more than one individual (Table 1) . In all, a total of 24 TCR␤ were detected (n ϭ 389 sequences). The amino acid at position 1 was S, K, G, or R for both the public and ''private'' TCR␤, and the CDR3␤ length ranged from 8 to 10 aa (Table 1) .
Sequential Analysis Within Individuals. A further five mice were primed i.p. with the PR8 (H1N1) virus, then exposed i.n. to the HKx31 (H3N2) virus at least 90 d later. The peripheral blood lymphocyte compartment was sampled acutely on day 8 after the initial PR8 infection and again (day 30) in the early stage of memory (primary response). All mice were then exsanguinated on day 8 (days 98-148) after the HKx31 challenge and peripheral blood lymphocyte, spleen, and BAL were analyzed (secondary response). The results for one individual are shown in Table 2 . A total of 31 different TCR␤ were found in the 1,053 sequences that were analyzed, with 22 of these TCR␤ being unique to individual mice (only in one of five mice). Two of the prominent TCR␤ (SGGGNTGQL and SGGANTGQL; Table 2 ) were present in every individual (Table 3 ) sampled in this series and the previous one ( Table 1) .
The public TCR␤ found at high frequencies (Table 3) in all of the mice tested during the primary or recall response were characterized by the usage of J␤2.2, a 9-aa CDR3␤ loop, and the N-D␤-N region SGGG or SGGA (Table 3 ). The remaining five sequences that were recovered from at least 3 of 10 mice (Table  3 ) also displayed the J␤2.2, 9-aa profile. One ''consensus'' TRCR␤ (SGGANTGQL) that was invariably selected in the CD8 ϩ V␤8. (Table 3) was also found once in CD8 ϩ V␤8.3 ϩ T cells recovered from naïve, uninfected mice (total of 361 sequences analyzed; data not shown). Clearly, many more naïve TCR␤ signatures would need to be examined before any more precise definition of the preimmune TCR␤ repertoire can be made.
The 9 of 31 TCR␤ that were found in more than one of the five sequentially sampled mice dominated the CD8 ϩ T cells analyzed on day 8, 76.6% Ϯ 22.8% on day 30, and 93.4% Ϯ 9.0% on day 148. The perception that the recall response narrows to a more consensus profile is reinforced by the fact that, given the limited amount of blood that can be obtained from mice in survival experiments, many fewer T cells were analyzed on day 8 and day 30 (total 137) after the initial PR8 infection than from the peripheral blood lymphocyte, BAL, and spleen (total 916) following the HKx31 challenge.
Despite this Ͼ6-fold difference in sample size, some TCR␤ were detected only in the blood following the initial exposure to PR8 and did not reemerge in the recall response. Most (12 of 18) of the TCR␤ sequences, were private and were found in one of five of these sequentially sampled mice and were also absent from the five that were analyzed at a single time point (Table 1) . All 12 lacked the characteristic 9-aa length and J␤2S2 profile (Tables 1 and 3) . A further 4 of 11 TCR␤ detected only after secondary challenge also showed this private profile, but these could easily have been missed in the more limited analysis of the primary response.
Nucleotide Diversity Within Particular CDR3␤ Amino Acid Signatures.
The variation permissible in the third nucleotide (''wobble'') encoding a particular amino acid in a TCR␤ sequence allows a more precise definition of clonality. Evidence of considerable N-region nucleotide diversity was found within each of the public TCR␤ that were repeated in this series of five mice (Tables 4 and  5 ). Although it was not necessarily the case that such public TCR␤ were numerically dominant in any individual response (Tables 1, 2 , and 4), the extent of this nucleotype diversity was significantly greater (P Ͼ 0.001) than for those that were present in Ͻ5 but Ͼ2 mice (Table 5) . Furthermore, the private TCR␤ that were found only once were always progeny of a single nucleotype (Table 5) .
Looking at all five mice (Table 5) , we found a total of seven different nucleotypes encoding SGGANTGQL. Similarly, the overall SGGGNTGQL response was comprised of 10 clonotypes. Furthermore, although the most frequently repeated nucleotype predominated throughout for the sequentially sampled mouse shown in Table 4 , this was not necessarily the case for the other individuals analyzed in this way (data not shown). However, all of the 7 SGGANTGQL clones and 5 of 10 SGGGNTGQL clones found after primary PR8 infection were present again in the recall response, establishing that the majority produced progeny T cells that enter the memory pool.
Discussion
The present CDR3␤ analysis of CD8 (15), provide systematic, longitudinal studies of primary and secondary responses to different epitopes within the same virus. The characteristics in common are that the likelihood of persistence into memory reflects the clonal burst size (34) achieved during the antigen-driven acute response and that the clonotypic profile of T cell memory shows substantial stability in the long term (22) . Also, although TCR␤ that are The primary TCR␤V8.3 repertoire (1°) was analyzed from single CD8 ϩ V␤8.3 ϩ D b NP366 ϩ cells recovered from peripheral blood on day 8 and day 30 after i.p. challenge with the PR8 virus. The sequences for the secondary TCR␤V8.3 repertoire (2°) were obtained from peripheral blood, BAL, and spleens on day 8 after subsequent i.n. infection with HKx31 virus (day 130 after the primary PR8 challenge). *The data are for mouse M9. 503 (8) 828 (5) A total of eight mice (n ϭ 503) were sampled after HKx31 or PR8 primary infection, and five mice (n ϭ 828) were sampled after secondary challenge. Values in parentheses correspond to the number of mice in which a particular sequence was found. Samples of the primary data are shown in Tables 1, 2 , and 4.
prominent after primary infection continue to be detected after secondary challenge, stochastic events (35) (23, 25, 39) , an accumulating body of evidence indicates that the TCR-D b PA 224 interaction is of higher avidity (40, 41) . The correlation of greater diversity and higher avidity suggests the possibility that The extent of nucleotide diversity within public, repeated, and private TCR␤ signatures is shown for five mice that were sampled sequentially through the primary and recall response (Tables 2 and 4 ). *More detailed data for mice M9 and M10 are shown in Tables 2 and 4, respectively. At least one private TCR␤ in these mice accounted for Ͼ10% of the total analysed. † The mean values are all significantly different (P Ͼ 0.001). ϩ T cells clearly ''prefer'' to use a limited set of public TCR␤ and draw these from a spectrum of related nucleotide sequences. The use of the same amino acid sequences encoded by different gene rearrangements is evidence for strong antigen selection for these public TCR␤. This implies that optimal recognition of the D b NP 366 complex requires a combination of structural factors which are only found within the specific TCRV␤8.3͞CDR3␤͞ J␤2.2 combination (5, 36) . Although large clone sizes can be achieved by unique private CDR3␤ that bind D b NP 366 , these are only ever specified by a single nucleotide sequence and tend to be less prominent after secondary challenge.
There is also the possibility that higher avidity T cells may be preferentially deleted during the resolution phase of the host response. If this possibility were to bias profiles of TCR retention by, for example, selectively diminishing the prevalence of public CD8 ϩ V␤7. ϩ T cells during the acute response, this is limited to the small minority of highly activated, tumor necrosis factor-receptor positive T cells recovered from the virus-infected lung (41 (43) . A formal possibility is that the much wider distribution of D b NP 366 on suboptimal, ''nonprofessional'' antigen-presenting cells skews the response to use of the ''best fit'' (44, 45) , public TCR␤. Studies with viruses modified by reverse genetic technology to change the spectrum of epitope presentation may provide further information. Hopefully, experiments such as these will help to develop a better understanding of the nature of immunodominance (24, 46) in virus-specific CD8 ϩ T cell responses and the role that TCR repertoire usage and diversity plays in such processes.
